C 4 photosynthesis is one of the most convergent evolutionary phenomena in the biological world, with at least 66 independent origins. Evidence from these lineages consistently indicates that the C 4 pathway is the end result of a series of evolutionary modifications to recover photorespired CO 2 in environments where RuBisCO oxygenation is high. Phylogenetically informed research indicates that the repositioning of mitochondria in the bundle sheath is one of the earliest steps in C 4 evolution, as it may establish a single-celled mechanism to scavenge photorespired CO 2 produced in the bundle sheath cells. Elaboration of this mechanism leads to the two-celled photorespiratory concentration mechanism known as C 2 photosynthesis (commonly observed in C 3 -C 4 intermediate species) and then to C 4 photosynthesis following the upregulation of a C 4 metabolic cycle.
INTRODUCTION
In the past 40 million years, Earth's climate system has changed from a warm, moist world with temperate poles to a cold, somewhat dry planet with polar ice caps, extreme deserts, and widespread grasslands (59, 152) . Coupled with this climate shift has been a reduction in the atmospheric CO 2 content from over 1,000 μmol CO 2 mol −1 air 50 Mya to less than 200 μmol mol −1 20 kya (7, 133, 152) . These changes in the climate and atmosphere caused dramatic evolutionary responses in the planet's biota and contributed to the rise of the modern biosphere (10, 11, 79, 133) . Many of these responses occurred in the physiology of plants, reflecting the direct impact of CO 2 , temperature, humidity, and water availability on photosynthesis (43, 48, 116) .
Among the most profound evolutionary changes was the rise of novel photosynthetic pathways that compensated for deficiencies that appeared in the preexisting C 3 pathway as atmospheric CO 2 declined. These new pathways-C 4 and crassulacean acid metabolism (CAM) photosynthesis-impacted the biosphere by contributing to the rise of new life forms, ecosystems, and vegetationatmosphere interactions (3, 11, 31, 100, 117) . The most prolific of the new modes of photosynthesis was the C 4 photosynthetic pathway, which now accounts for 23% of terrestrial gross primary productivity despite occurring in only 7,500 of the world's 250,000 plant species (120, 129). C 4 photosynthesis represents a complex evolutionary trait that resulted from a major reorganization of leaf anatomy and metabolism to create a CO 2 -concentrating mechanism that counteracts the inhibitory effects of low atmospheric CO 2 on photosynthesis (36, 37, 53). The C 4 pathway evolved independently at least 66 times within the past 35 million years, making it one of the best examples of evolutionary convergence in the living world (52, 118) . How C 4 photosynthesis evolved and why it did so with such repeatability are two important questions in plant biology. In this review, we examine the latest progress in our understanding of C 4 evolution and discuss this research in the context of earlier hypotheses and speculations (36, 85-87, 108, 117) . Of central importance to our current understanding is the role of ribulose bisphosphate carboxylase/oxygenase (RuBisCO) oxygenation and photorespiration, which has been called "the bridge to C 4 photosynthesis" (4). THE C 4 SYNDROME C 4 photosynthesis metabolically concentrates CO 2 from the intercellular air spaces of a leaf into an internal compartment where the primary CO 2 -fixing enzyme RuBisCO is localized (Figure 1) . The internal compartment is commonly called the bundle sheath (BS) tissue, because RuBisCO is usually confined to Diagrammatic representation of the C 4 photosynthetic pathway as it occurs in plants of the NADP-malic enzyme (NADP-ME) subtype. All C 4 species initiate the CO 2 -concentration process by converting CO 2 to bicarbonate using carbonic anhydrase (CA). The cytosolic enzyme PEP carboxylase (PEPC) fixes the bicarbonate to PEP, forming a four-carbon organic acid, oxaloacetic acid (OAA). PEP carboxylation occurs in the cytosol in an outer cellular compartment, which is chlorenchymatous mesophyll tissue in all but three terrestrial C 4 plant species. OAA is converted to malate (MAL), which diffuses through plasmodesmata into an inner, bundle sheath-like compartment, where it is decarboxylated by NADP-ME, releasing CO 2 , NADPH, and pyruvate (PVA). The CO 2 level within the bundle sheath layer can build up to over 10 times the CO 2 level in the intercellular spaces, thereby suppressing the oxygenase activity of RuBisCO that is colocalized in the bundle sheath with the decarboxylating enzyme. RuBisCO refixes the released CO 2 with little interference from the competitive substrate O 2 . The PVA diffuses back to the mesophyll cell, where it is phosphorylated to PEP by pyruvate phosphate dikinase (PPDK) using the equivalent of two ATPs. Together, the roughly concentric layers of enlarged bundle sheath-like tissues and mesophyll tissues are termed Kranz anatomy, in reference to their wreath-like arrangement. Green ovals indicate chloroplasts. Additional abbreviations: MDH, malate dehydrogenase; PGA, 3-phosphoglyceric acid; RuBP, ribulose-1,5-bisphosphate; TP, triose phosphate.
Bundle sheath (BS):
a layer of cells surrounding each vascular bundle; in C 4 plants, RuBisCO is localized to the BS, where CO 2 concentration occurs a distinct cell layer between the mesophyll (M) cells and the vascular bundles. However, the BS proper is but one of a number of cell layers that have been modified to hold RuBisCO, the decarboxylating enzymes, and the reactions of the C 3 metabolic cycle in the various lineages of C 4 photosynthesis (29). Mestome sheath cells, along with parenchyma cells between M and water-storing tissue, are two examples of non-BS cells that serve as the site of CO 2 concentration in certain C 4 lineages (29, 35) .
In addition to variation in the anatomical tissues recruited into the M and BS roles, there is variation in the enzymes recruited into the C 4 metabolic cycle. Three biochemical subtypes of C 4 photosynthesis are recognized based on the principal decarboxylating enzyme used in the BS. These are the NADP-malic enzyme (NADP-ME) subtype, the NAD-malic enzyme (NAD-ME) subtype, and the PEP carboxykinase (PEPCK) subtype (65) . Many C 4 species also use a second decarboxylating enzyme, Kranz anatomy: a specialized anatomy in which enlarged BS cells and a reduced M tissue form concentric wreaths around the vascular bundles Mesophyll (M): the major interveinal tissue in leaves; in C 4 plants, initial fixation of CO 2 occurs in the mesophyll Decarboxylase: an enzyme that releases CO 2 from an organic acid; C 4 plants employ 1 or 2 of 3 decarboxylating enzymes (NADP-ME, NAD-ME, or PEPCK) in BS tissue Carbon isotope ratios: the ratio of carbon-13 to carbon-12 in a tissue, usually in reference to a standard; C 3 and C 4 species differ in their carbon isotope ratios, allowing for easy identification of the photosynthetic pathway Phylogeny: a representation of evolutionary relationship based on shared characteristics or gene sequences; phylogenies are commonly represented as tree diagrams although at reduced activity relative to the principal decarboxylase (45, 65) . Associated with the biochemical subtypes are variations in the chloroplast ultrastructure of the BS tissue (53, 65) . For example, in BS cells of the NADP-ME subtype, mitochondria numbers are low and chloroplasts are depleted in photosystem II. In BS cells of the NAD-ME subtype, by contrast, mitochondria and photosystem II numbers are high. Some C 4 lineages incorporate a suberin layer into the outer wall of the BS layer, possibly to reduce CO 2 leakage, whereas many do not (29) .
Furthermore, C 4 enzymes are often recruited from different ancestral isoforms. In Flaveria bidentis, the gene encoding the C 4 carbonic anhydrase (CA) in the cytosol is derived from a chloroplastic ancestor through loss of a transit peptide, whereas in Cleome gynandra, a plasma membrane-bound CA is recruited for the C 4 function (77) . In the case of PEP carboxylase (PEPC), the C 4 isoform in Flaveria derives from the ppc-2 gene family of PEPC, whereas the C 4 isoforms in Alternanthera, Mollugo, and Suaeda were recruited from the ppc-1 gene family (25). When all of the variations among the different lineages of C 4 photosynthesis are considered, it is apparent that each evolutionary lineage is unique in some way, and only the initial two steps of C 4 photosynthesis-hydration of CO 2 to bicarbonate and PEP carboxylation-are common to all lineages (68) . The C 4 pathway is thus more appropriately considered a syndrome, because it does not result from one specific biochemical pathway or anatomical structure but rather represents "a combination of traits that produce a characteristic outcome" (from the second abbreviation for syndrome in the Oxford English Dictionary). For all but two lineages of C 4 plants, the characteristic combination of traits results in the energy-dependent concentration of CO 2 around RuBisCO within an inner tissue compartment. In the two exceptions, C 4 photosynthesis occurs within a single cell, with the inner compartment where CO 2 is concentrated being either in the middle of the cell (Bienertia lineage) or along the inner pole of an elongated cell (Suaeda aralocaspica lineage) (35).
FREQUENCY OF C 4 ORIGINS
Although it has long been recognized that the C 4 syndrome evolved on multiple occasions (96, 128), the high repeatability of C 4 evolution was not fully realized until the past decade, when molecular phylogenies and detailed surveys of carbon isotope ratios clarified C 3 and C 4 relationships in the clades where the C 4 pathway occurs (Figure 2 ). An early treatment proposed that C 4 photosynthesis independently evolved approximately 20 times (128). More recently, in the first comprehensive analysis using molecular phylogenies, Kellogg (68) estimated that there are 31 distinct lineages of C 4 photosynthesis. Kellogg's analysis was hampered by incomplete species representation within phylogenies, limited knowledge of photosynthetic pathway in many families, and difficulty distinguishing independent origins from reversion; since then, and in part because of Kellogg's study, detailed phylogenetic and carbon isotope studies have resolved C 3 , C 4 , and C 3 -C 4 intermediate relationships within many taxonomic groups (8, 23, 24, 40, 78, 112, 118, 122, 124, 146, 147) . Genomic analysis of protein evolution has also been exploited to differentiate C 4 origins where molecular phylogenies provide insufficient resolution (22, 25) . Such approaches have been able to estimate 22-24 distinct C 4 lineages in the grass family (Poaceae), which contains 4,500 C 4 species (11, 22, 23, 52, 138) ; 6 distinct lineages in the sedges (Cyperaceae), the second-largest family of C 4 plants, with an estimated 1,500 species (8, 112) ; and up to 10 lineages in Chenopodiaceae, the most speciose C 4 family of eudicots, with about 500 C 4 species (64, 118, 120) . There are approximately 1,500 C 4 species in the eudicots (120). Phylogenetic studies have also identified multiple C 4 origins within genera. The sedge genus Eleocharis has two independent lines (8, 112 
Figure 2
The phylogenetic distribution of 47 angiosperm clades with C 4 photosynthesis. Red branches indicate C 4 lineages, and dark-gray branches indicate C 3 lineages. The numbers besides the taxonomic names indicate the number of independent origins in that clade. Taken from Reference 118 with permission.
C. gynandra (40). One line originated in Australia, a second in northeast Africa/Arabia, and a third in South Africa; surprisingly, all three have just one species each (40). In Suaeda (Chenopodiaceae) there are four distinct C 4 origins, including two where the C 4 pathway operates within single cells (70) . Mollugo (Molluginaceae) presents an interesting case of two postulated origins of C 4 photosynthesis in a single taxonomic species, Mollugo cerviana (25).
In total, 62 distinct lineages of C 4 photosynthesis are listed in a recent survey (118). All of the C 4 lines occur in the angiosperms, with a total of 26 monocot and 36 eudicot lineages.
These numbers are up from 48 independent origins estimated by Sage (117) and will likely increase in the near future. Four to six additional lineages have already been identified in the grasses since Sage et al.'s (118) study published in 2011, bringing the current number of known lineages to 66-68 (52) . Within the angiosperm phylogenetic tree, many of the C 4 lineages are clumped together, with grasses and sedges accounting for all but 1 of the monocot lines and the eudicot order Caryophalales accounting for 23 of the 36 C 4 eudicot lines (Figure 2) . In the grasses, all C 4 lineages occur within the branch of the family termed (137) . A few studies propose much earlier origins of C 4 photosynthesis on the basis of isotopic excursions in fossil carbon (75, 151) ; however, these studies lack complementary evidence and thus remain suggestive (18, 117) . A limitation of the geological evidence is that the fossil and isotopic records are unlikely to include uncommon species, such as newly evolved C 4 plants. To estimate the earliest origins, the best technique currently available is a molecular clock analysis of the DNA sequences from phylogenetic studies. Using molecular clock approaches, the earliest C 4 origin is estimated to have occurred in the grass subfamily Chloridoideae during the mid-Oligocene epoch, approximately 30 Mya (Figure 3 ) (11, 23, 138) . The oldest C 4 dicot lineage is Caroxyloneae in the Chenopodiaceae family, with stem and crown node ages of 22-25 Mya (24). The oldest C 4 sedge lineage, Bulbostylis, dates from 10-20 Mya (8) . Additional C 4 origins occur over the following 20-30 million years (Figure 3 ). Higher probabilities of origin occur during the Oligocene-early Miocene transition (25 Mya), the mid-Miocene epoch (15 Mya, during a climatic warm spell), and approximately 5 Mya (21, 25, 138) . The (Figure 3 ) (24). Both genera have extant species that qualify as evolutionary intermediates between the C 3 and C 4 condition, with Flaveria having nine C 3 -C 4 intermediate species (118) . Because of its large number of C 3 -C 4 intermediates, Flaveria has become the leading model for studies of C 4 evolution. Comparisons between the time of C 4 emergence and that of major geological events demonstrate a strong correlation between the probability of a C 4 origin and low atmospheric CO 2 content (23, 24). Atmospheric CO 2 concentration is estimated by models and various proxies to have exceeded 1,000 μmol mol −1 between 35 and 55 Mya, after which it declined to near current levels (390 μmol mol −1 ) by approximately 25 Mya (Figure 3 ) (133, 152) . A second reduction in CO 2 , to near 300 μmol mol −1 , is proposed to have occurred between 10 and 15 Mya (74, 134) , which precedes the expansion of the C 4 grasslands at low latitudes, a late-Miocene/Pliocene burst of C 4 evolution, and a burst of radiation in CAM groups (3) . In parallel with the CO 2 decline, climate conditions changed from the warm, wet world of the Eocene (55-34 Mya) to the cool, relatively dry world of the early Miocene (23-20 Mya) (Figure 3 ) (152) . The climate further deteriorated in the late Miocene and into the Pleistocene (10-2 Mya), culminating in a world that on average was cold and dry but still warm at low latitudes (152) .
Decreasing atmospheric CO 2 has been hypothesized to be the primary trigger for the evolution of C 4 photosynthesis, through what is known as the carbon starvation hypothesis (36, 37, 85, 117). The initial version of this hypothesis proposed that C 4 species originated in the late Miocene, when carbon isotope evidence demonstrated that C 4 plants expanded across low latitudes (19, 36, 37) . This isotopic shift is now recognized as reflecting the expansion of preexisting C 4 graminoid species rather than their origin (6, 31, 67, 117) . In the 1990s, improved estimates of atmospheric CO 2 change showed that the CO 2 decline from high Cretaceous values to low values of recent geological time mainly occurred in the Oligocene (34-23 Mya) rather than the late Miocene (133, 153) . This led to proposals that C 4 plants first evolved in the late Oligocene (6, 116, 117, 133) , a possibility initially supported by early molecular clock studies indicating that C 4 photosynthesis was present in the grass subfamily Andropogoneae by 25 Mya (46, 68) . With the molecular clock evidence now indicating that all of the C 4 lineages evolved after the Oligocene CO 2 decline, the carbon starvation hypothesis has received critical support (8, 11, (23) (24) (25) 138) .
ENVIRONMENTAL CORRELATES OF C 4 EVOLUTION
In its original version, the carbon starvation hypothesis proposed that low CO 2 was a trigger for C 4 evolution by causing high rates of photorespiration in warm climates, thereby reducing photosynthetic efficiency of the C 3 flora (36, 37). The 30-million-year spread in the timing of the many C 4 origins following the Oligocene CO 2 decline now indicates that rather than serving as a trigger, low CO 2 was a precondition for C 4 evolution, enabling other factors to play a pivotal role. Factors proposed to operate in concert with, or instead of, low CO 2 in promoting C 4 evolution include heat, aridity, high light, salinity, and ecological disturbance (32, 96, 100, 116, 117). Phylogenetically informed comparisons between the habitats of C 3 and C 4 PACMAD grasses implicate high light and warm temperatures as the leading environmental factors contributing to C 4 evolution (32, 100). Aridity does not correlate with species habitat in the phylogenetic analyses, leading to suggestions that it had an indirect effect by opening canopies and promoting fire (32).
Another approach to addressing the environmental conditions promoting C 4 evolution is to examine the field habitats and microclimates of extant species that branch at the phylogenetic nodes across which the transition from C 3 to C 4 photosynthesis occurs. The habitats of C 3 at these nodes should reflect the environmental factors promoting C 4 evolution. Using this approach, researchers determined that C 4 photosynthesis in 32 lineages most likely arose in monsoon-affected regions of warm-temperate to tropical latitudes (118, 124). These areas are currently hot during the summer yet receive periodic monsoon rainfall to support a summer growing season. For most of these areas, the summer heat and drought of modern times extend back to at least the Miocene (131, 149) . In particular, all of the C 3 -C 4 intermediate species are summer-active and occur in areas with high evaporative demand ( Table 1) . Although most also occur in regions with frequent drought or elevated salinity, some are found on moist soils-for example, Flaveria chlorofolia and Heliotropium lagoense. Competition tends to be low owing to recent disturbance, severe abiotic stress, or extreme soil type ( Table 1) . As an example, Flaveria floridana (C 3 -C 4 ) occurs in disturbed or saline flats along the Gulf Coast of the Americas, persisting for only a few years until excluded by perennial vegetation (87). It regularly photosynthesizes above 35 • C (87). Its closest C 3 relatives occur in subtropical Mexico along the Pacific coast (Flaveria robusta) or central Mexico (Flaveria pringlei ), typically growing in disturbed areas of semiarid scrub vegetation (104, 132) .
The consistent feature of the hot, monsoonaffected environments occupied by the transitional species is that photorespiration would be high in C 3 plants owing to elevated leaf temperatures and depressed intercellular CO 2 values. Photorespiration relative to photosynthesis equals 0.5O/(S rel C), where O and C are the O 2 and CO 2 concentrations in the chloroplast stroma, respectively, and S rel is the specificity of RuBisCO for CO 2 relative to O 2 (63) . Rising leaf temperature reduces S rel while increasing O/C (63) . Leaf temperature is enhanced by high air temperature; large radiation loads from direct and reflected sunlight; high infrared emission from hot, barren soil; and reduced stomatal conductance, which reduces evaporative cooling. Low intercellular CO 2 levels result from low atmospheric CO 2 and reduced stomatal conductance caused by drought, salinity stress, and low humidity (125). Warm, dry climates with reduced atmospheric humidity promote large leaf-to-air vaporconcentration differences (VPDs), often above 4 kPa. Reductions in stomatal conductance with VPD increases of 3-5 kPa are typically large, exceeding 50% (125). In F. floridana and Yucca glauca, for example, VPD values over 3 kPa reduce stomatal conductance by 40%-75%, which in turn causes the intercellular CO 2 level to decline from approximately 240 μmol mol −1 to near 160 μmol mol −1 (87, 113). Models of photorespiration illustrate the impact of CO 2 variation, elevated temperature, and low humidity on the photorespiratory potential of C 3 vegetation (Figure 4) . At elevated CO 2 (>1,000 ppm), photorespiration is minor at all temperatures. At chloroplast CO 2 levels corresponding to current atmospheres, photorespiration exceeds 25% of the photosynthesis rate above 30 • C-35 • C, assuming stomatal conductance is regulated to give C i /C a (intercellular CO 2 partial pressure to ambient CO 2 partial pressure) values of 0.7-0.8, which are typical in nonstressed C 3 vegetation (117). With the expected level of stomatal closure that would occur in hot, semiarid climates, photorespiration/photosynthesis would be well above 40% at 35 • C-40 • C, particularly in low-CO 2 atmospheres of recent geological time, when CO 2 concentrations were below 300 μmol mol −1 (133, 152) . Expressed another way, photorespiration rates exceeding 10-15 μmol m −2 s −1 could be expected in plants such as F. pringlei, which have carboxylation capacities of 20-30 μmol m −2 s −1 above 30 • C. This magnitude of photorespiration produces an abundance of CO 2 that could be an important resource if a plant were able to trap and refix it before it diffuses out of the cell.
In combination, the habitats of origin for the C 4 lineages of the world support the hypothesis that high photorespiration was the primary driver of C 4 evolution. By promoting photorespiration, low CO 2 , elevated temperature, high light, low humidity, drought, and salinity are all contributing factors, particularly in combination. High rates of photorespiration would depress the productivity and fitness of C 3 vegetation, and in the extreme could lead to poor Glycine decarboxylase (GDC): the enzyme complex in photorespiratory metabolism that converts glycine to serine, ammonia, and CO 2 C 2 photosynthesis: a CO 2 -concentrating mechanism in which photorespiratory glycine is shuttled into the BS cells for decarboxylation; the released CO 2 enhances carboxylation and suppresses oxygenation by BS RuBisCO survival (17, 27, 48) . Depression of C 3 productivity, however, is not by itself a satisfactory explanation for how the C 4 pathway evolved. To be robust, a photorespiratory explanation must demonstrate how high rates of photorespiration promoted the evolutionary assembly of the C 4 pathway.
RUBISCO OXYGENATION AND PHOTORESPIRATION
RuBisCO is a dual-function enzyme that oxygenates and carboxylates ribulose-1,5bisphosphate (RuBP). Oxygenation of RuBP produces 3-phosphoglyceric acid (PGA) and phosphoglycolate (PG). PGA can immediately be recycled back to RuBP via the Calvin cycle, whereas PG is metabolized first to pyruvate and then to PGA via the reactions of the photosynthetic carbon oxidative cycle, which is commonly referred to as photorespiration (4).
In photorespiratory metabolism, one-fourth of the carbon in the PG pool is lost as CO 2 in the conversion of two glycine molecules to one serine by the glycine decarboxylase (GDC)-serine hydroxymethyltransferase (SHMT) complex in the mitochondria. In conditions promoting high rates of photorespiration, the flux of CO 2 out of the mitochondria would be substantial, and thus would be an important source of CO 2 if plants could channel it back into the chloroplasts for refixation.
Trapping and refixing photorespired CO 2 becomes possible if plants are able to localize GDC into an interior compartment from which CO 2 efflux could be slowed by large vacuoles, chloroplasts, and thick cell walls. In the M cells of C 3 plants, this can be accomplished by locating mitochondria toward the interior of the cell, inside of a peripheral layer of chloroplasts. For example, in rice, a C 3 grass of warm climates, chloroplasts and chloroplast extensions form a barrier around the periphery of the M cells, whereas the mitochondria are located in the interior of the cell and are often surrounded by chloroplasts (123). This arrangement apparently forces photorespired CO 2 to diffuse out through the chloroplast stroma, where it could be reassimilated. Such a mechanism explains in part the refixation rates of up to 50%-80% of photorespired CO 2 observed in C 3 plants (5, 55, 76, 102) .
Another way to recapture photorespired CO 2 is to restrict GDC activity to an internal tissue where thick walls and large vacuoles could slow CO 2 efflux, thereby causing the photorespired CO 2 to accumulate and allowing any nearby RuBisCO to operate with high efficiency. In high-photorespiratory conditions, the production of photorespired CO 2 in an internal compartment would theoretically be large enough to boost CO 2 levels by two-to threefold (14, 142, 144) . Spatial separation of RuBisCO oxygenation and glycine decarboxylation is now recognized as the basis for a distinct CO 2 -concentrating mechanism in land plants, which has been variously termed glycine shuttling, photorespiratory CO 2 concentration, C 3 -C 4 intermediacy, and (recently) C 2 photosynthesis (Figure 5) . C 3 -C 4 intermediacy is the most commonly used name, but is problematic because numerous species using this CO 2 -concentrating mechanism are not related to C 4 species, and hence are not true evolutionary intermediates ( Table 1 ). In addition, evolutionary intermediacy between C 3 and C 4 species may involve more than glycine shuttling. Because of these concerns, Vogan et al. (139) proposed calling photorespiratory CO 2 concentration "C 2 photosynthesis" to emphasize its status as a distinct CO 2 -concentrating mechanism. The term C 2 photosynthesis has the advantage of not automatically being associated with C 4 evolution yet being logically consistent with use of the term C 4 photosynthesis. Both C 2 photosynthesis and C 4 photosynthesis refer to the number of carbons in the metabolite that shuttles CO 2 into an internal compartment. C 2 photosynthesis also follows from the abbreviated name for photorespiration, the C 2 cycle (4).
C 2 PHOTOSYNTHESIS IN HIGHER PLANTS
Approximately 40 species in 21 lineages of vascular plants are currently known to utilize the C 2 photosynthetic pathway (118). Of these, 12 Schematic of C 2 photosynthesis. Phosphoglycolate (PG) produced by the RuBisCO oxygenase reaction is converted to glycine in the peroxisomes of either the mesophyll or bundle sheath cells. The glycine then diffuses to the centripetal mitochondria of the bundle sheath cells to be metabolized to serine and CO 2 by glycine decarboxylase (GDC). The CO 2 released is refixed by bundle sheath chloroplasts, while the serine is converted back to glyceric acid (GLA) in either bundle sheath or mesophyll peroxisomes. The GLA is then converted to ribulose-1,5-bisphosphate (RuBP) in the mesophyll chloroplast. Adapted from Reference 111 with permission. occur in phylogenetic branches that are sister to C 4 lineages, indicating potential ancestry; however, 9 are separate enough within a phylogeny to indicate no ancestry to C 4 species (Table 1) (25, 118). Most of the known C 2 lines occur in the eudicots; only 4 occur in the monocots. The number of documented lineages is probably well below the actual total, because identification of a C 2 plant requires time-consuming anatomical, biochemical, or gas exchange measurements of living plants. C 2 and C 3 plants have similar carbon isotope discrimination values, so rapid carbon isotope screens of herbarium specimens cannot be used to identify C 2 species as they can with C 4 species (92, 122, 143). Although some C 2 species evolved long ago and are ecologically successful [the widespread weed Mollugo verticillata is up to 20 million years old (24)], the C 2 pathway is the least common carbon-concentrating mechanism in the plant kingdom. M. verticillata, for example, is the only known C 2 species in its clade (24). The most speciose clade of C 2 species, Flaveria, has nine C 2 species, whereas the next-most-speciose clades have five or fewer C 2 species (81, 99). This contrasts with the dozens to hundreds of species present in many of the CAM and C 4 lineages (120, 150).
In all lineages of C 2 plants that have been examined, BS or mestome sheath tissue is the site of glycine decarboxylation and CO 2 concentration (90, 124), although the ancestors of single-celled C 4 species may have operated a C 2 pathway between the periphery and innermost region of individual cells (35). Immunolocalizations of antibodies raised against the four subunits of GDC show little P-subunit expression in M cells of C 2 species of Flaveria, Mollugo, Moricandia, and Steinchisma (formerly Panicum) (61); Cleome (78, 146) ; Diplotaxis (135); Euphorbia (124); Heliotropium (99); Portulaca (147); and Salsola (145) . In C 2 species of Flaveria and Steinchisma, the H, L, and T subunits of GDC are also absent from the M (97). In C 3 -C 4 Alternanthera tenella leaves, BS cells have nine times the activity of GDC as M cells (30). The molecular mechanism for the loss of M GDC expression has been examined only in C 3 and C 4 Flaveria species. In C 4 Flaveria trinervia, the strength and location of GDC expression are controlled by a 1,571-base-pair region in the promoter of the P subunit of the GDC protein (39). The enhancer sequence is located within promoter region 1 between base pairs −1,571 and −1,339, whereas region 3 between base pairs −1,138 and −927 and part of region 6 contain cis-regulatory elements that repress M expression of gdcpA (39). The nature of the base-pair changes in regions 3 and 6 is unknown, but could involve just a few nucleotide substitutions (39).
Associated with the loss of M expression of GDC in C 2 plants is a pronounced alteration of leaf anatomy and BS ultrastructure that is interpreted to facilitate rapid flux of photorespiratory metabolites between the M and BS compartments as well as the trapping of photorespired CO 2 in a centripetal location of the BS cell (90). With one exception, all C 2 species examined have a pronounced enhancement of Proto-Kranz anatomy: a condition in C 3 plants in which vein density is enhanced and BS cells are enlarged with increased numbers of organelles; most BS mitochondria are centripetally located mitochondrial number and/or area in the BS cells, and they are localized to the centripetal (inner) wall region of the BS cell (13, 15, 58, 78, 90, 94, 99, 124, (145) (146) (147) . The exception occurs in the grass Neurachne minor, which has mestome sheath cells filled with organelles but does not position the mitochondria against the inner wall (54). A suberin layer in the wall of the mestome sheath in N. minor may trap photorespired CO 2 in the sheath, reducing the need to localize mitochondria in a centripetal position (54). Chloroplast numbers are also increased, and although chloroplasts may be arrayed around the entire cell periphery, there is always a close association between numerous chloroplasts and a rank of mitochondria along the inner wall (13, 15, 58, 78, 90, 94, 99, 108, 124, 135, (145) (146) (147) . The number of M cells per BS cell is reduced below typical C 3 values (81, 99, 124), and the BS cells are often, but not always, increased in size compared with C 3 relatives (81, 94, 99, 124, 135). Together, glycine shuttling and structural changes boost refixation of photorespired CO 2 to 75%-90% and allow the leaves to lower the CO 2 compensation point of photosynthesis ( ) to values that are 20%-50% of C 3 values at a given temperature (5, 16, 28, 33, 54, 72, 94, 107, 124, 135, 139, 141, (145) (146) (147) . The reduction in the CO 2 compensation point increases net CO 2 assimilation rate at low CO 2 levels relative to C 3 species, but generally does not increase CO 2 uptake at elevated CO 2 . In C 3 -C 4 intermediates of Alternanthera, Euphorbia, Flaveria, Neurachne, and Portulaca, advantages in net CO 2 assimilation observed at low atmospheric CO 2 are absent above the current atmospheric CO 2 concentration (54, 88, 124, 139, 140, 141, 147) . With the continuing increase in anthropogenic CO 2 emissions, the present time in history appears to represent a transition to conditions where the advantage of C 2 photosynthesis is lost.
MODELS OF C 4 EVOLUTION
Photorespiratory CO 2 concentration into the BS was first proposed in 1984 to explain the function and evolutionary significance of the BS structure observed in C 3 -C 4 intermediate species (86). In the subsequent decade, Rawsthorne and colleagues (61, 97, 108, 110, 111) confirmed GDC localization to centripetally placed BS mitochondria in Flaveria, Mollugo, Moricandia, and Panicum species and provided experimental support for the C 2 pathway as it is currently understood. Subsequently, conceptual models based on their results proposed that the evolution of C 4 photosynthesis first involved the establishment of the C 2 pathway, after which the C 4 metabolic cycle replaced the C 3 cycle operating in the M tissue (84, 87, 90, 108, 117). Although specific steps in these models were based on characteristics of C 2 species from Flaveria, Moricandia, Neurachne, and Panicum, there was little phylogenetic information to evaluate the models. The possibility that the putative C 3 -C 4 intermediate species represented evolutionary dead ends could not be ruled out.
The past publication of numerous detailed phylogenies now makes it possible to update the evolutionary models of C 4 photosynthesis to account for phylogenetic relationships. Furthermore, the identification of new C 2 species, and C 3 species that are sister to C 2 and C 4 species, has provided additional opportunities to evaluate pathways of C 4 evolution (99, 118, 124, 146, 147) . On the basis of this information, we present a conceptual model of C 4 evolution that updates earlier models (90, 117). Our model proposes the following five distinct phases of C 4 evolution (Figures 6 and 7) : (a) preconditioning; (b) the evolution of proto-Kranz anatomy; (c) the evolution of C 2 photosynthesis; (d ) the establishment of the C 4 metabolic cycle with the corresponding localization of the C 3 cycle to the BS, marking the beginning of C 4 photosynthesis; and (e) an optimization phase, in which Kranz anatomy and leaf biochemistry are modified to maximize the efficiency of the C 4 pathway.
Phase I: Preconditioning
The absence of C 4 photosynthesis in the vast majority of C 3 families indicates that most of preconditioning traits has followed the identification of the close C 3 relatives of the C 2 and C 4 nodes within phylogenies. The best-supported preconditioning trait identified to date is high vein density (i.e., close vein spacing). High vein density has been documented in close C 3 relatives of the C 4 clades in Cleome, Euphorbia, Flaveria, Heliotropium, and Mollugo (25, 78, 81, 99, 124, 146) . In Euphorbia, the C 3 species E. angustifolia has closer vein spacing than its C 2 sister species E. acuta (124), whereas in Heliotropium (99) and Mollugo (25), the C 3 sister species of the C 4 clades have C 4like vein spacing. Basal branching C 3 Cleome species have vein density similar to that of more distal C 4 Cleome species (78, 146) . A broad survey of anatomical patterns between 21 closely related C 3 and C 4 species pairs in the eudicots also observed no statistical differences in vein density between the C 3 and C 4 relatives, indicating that the C 3 relatives in the study had already obtained high vein density (98). High vein density in the C 3 progenitors probably results from adaptation to dry climates. Arid-zone angiosperms are noted for high vein density, which is proposed to reduce the path length and resistance for water flow to the sites of evaporation (115, 126, 136) . In warm, dry climates, evapotranspiration potential can be very high, necessitating rapid hydraulic flux through the leaves if stomatal closure, loss of turgor, or xylem cavitation are to be avoided (101, 117, 126). For example, an increase in leaf temperature from 25 • C to 37 • C would quadruple the VPD between leaf and air if the absolute atmospheric humidity were 2 kPa. By reducing vein spacing, the distance between BS and adjacent M cells is reduced, which could then facilitate exchange of metabolites between the M and BS tissues.
Preconditioning may also involve the acquisition of regulatory elements that can easily be modified to confer C 4 patterns of gene expression. In Flaveria, an M expression module (MEM) at the distal end of the ppcA promoter confers cis-regulatory control over the location and intensity of PEPC expression (1, 51) . In C 3 Flaveria species, the MEM represses expression of PEPC and does not confer cell specificity. During C 4 evolution, the MEM is altered by a modest number of base-pair changes to enhance and localize PEPC expression to the M tissue. Control of the BS-specific expression of NADP-ME and NAD-ME may also be under the control of trans-acting regulatory factors that could be modified relatively easily to confer C 4 expression patterns (12) .
The other major preconditioning event proposed in the C 3 ancestors is extensive gene duplication and large genome size, which enhances adaptability by providing gene copies that can be neofunctionalized or subfunctionalized without creating harmful mutations (85, 117, 148). Gene duplication is apparent in the origin of C 4 -cycle genes for CA, PEPC, PEPCK, NADP-ME, and NADP-malate dehydrogenase (21, 22, 26, 77, 114, 148) . A whole-genome duplication event approximately 70 Mya is proposed to have predisposed the grasses to repeatedly evolve C 4 photosynthesis once it was favored by environmental conditions (103, 148). Certain grass lineages, such as Andropogoneae, appear to be rich with duplicated genes from subsequent polyploidy events and single-gene to partial-genome duplications (148).
Phase II: Evolution of Proto-Kranz Anatomy
C 3 species that are closely related to C 2 species have a number of features that indicate the presence of a photorespiratory CO 2 scavenging system within the BS tissue. In Heliotropium, C 2 and C 4 photosynthesis occur in section Orthostachys (44). In two C 3 species of this section (H. karwinskyi and H. procumbens), the BS cells are enlarged and have increased organelle numbers relative to other C 3 species within the section (99). The large majority of mitochondria in the BS cells of these species are positioned against the centripetal wall, as commonly observed in C 2 species (99). Some chloroplasts are closely associated with the mitochondria in the centripetal region of the BS cells and contain large starch grains, indicating they are photosynthetically active. Using an immunolocalization procedure, GDC was shown to be present in both M and BS cells of these Heliotropium species, although the centripetal location of the BS mitochondria created a concentrated band of GDC along the inner BS wall (Figure 7) (99). Muhaidat et al. (99) termed these features proto-Kranz anatomy because they appear to be incipient versions of Kranz anatomy as found in C 2 and C 4 species. Proto-Kranz features are also apparent in C 3 species of Diplotaxis, Flaveria, Neurachne, and Steinchisma that are close to C 2 species in their respective genera. In the C 3 species F. pringlei and Steinchisma laxa (formerly Panicum laxum), mitochondria are more abundant and localized to the centripetal wall of the BS cells, along with a layer of chloroplasts (13, 15; T.L. Sage, unpublished manuscript). In Diplotaxis viminea, a C 3 relative of the C 2 species D. tenuifolia, numerous mitochondria and chloroplasts are centripetally located in the BS (135) . In the C 3 Neurachne tenuifolia, the mestome sheath cells are packed with chloroplasts and mitochondria (54).
Muhaidat et al. (99) hypothesized that the proto-Kranz features produce a single-celled glycine shuttle that could scavenge photorespiratory CO 2 produced in the BS tissue and possibly help metabolize an overflow of glycine produced in the M during high photorespiration. With the positioning of mitochondria at the centripetal edge of the cell, glycine produced by photorespiration in centrifugal chloroplasts has to be decarboxylated in the inner region of the cell. Because of the large BS vacuole, the photorespired CO 2 would build up in this region, allowing RuBisCO in the centripetal chloroplasts to operate with higher efficiency. Consistent with this possibility, the photosynthetic CO 2 compensation points of H. procumbens, N. minor, and S. laxa are reduced by 5%-15% relative to C 3 species within their respective genera, indicating recovery of photorespired CO 2 (16, 54, 139) . Because the proto-Kranz traits occur in the C 3 relatives of numerous independent lineages of C 2 photosynthesis, it was proposed that evolution of the proto-Kranz anatomy is critical for the initiation of C 4 photosynthesis (99).
The initial events in proto-Kranz evolution appear to be increases in cell size, organelle number, and exposure to intercellular air space of the BS tissue (Figure 7) . This possibility is supported by anatomical patterns observed in close C 3 relatives of C 2 or proto-Kranz species in Cleome (C. Africana) (40, 78, 146) ; Euphorbia (E. angusta) (124); Flaveria (F. pringlei ) (15; T.L. Sage, unpublished manuscript); Heliotropium section Orthostachys (H. tenellum, H. calcicola) (99); C 3 Mollugo species (M. pentaphylla) (25); and C 3 Panicum species that are close to the genus Steinchisma (13) . In Heliotropium, for example, the basal C 3 species in section Orthostachys have double the number of chloroplasts in the BS cell than H. europaeum of the completely C 3 section Heliotropium (99). The functional significance of BS enlargement and increased organelle number in the BS appears to be increased engagement of the BS cell in carbon assimilation. The enlarged BS cells in the above species commonly have enhanced exposure of the outer BS wall to intercellular air spaces, and most of the additional chloroplasts line up along the intercellular air spaces. This is particularly apparent in species that have bulbous BS cells that resemble spongy parenchyma cells, such as E. angusta, H. tenellum, and H. calcicola (99, 124) . We hypothesize that the increased engagement of the BS cells in carbon assimilation compensates for the loss of photosynthetic M cells following an increase in vein density.
Phase III: Evolution of C 2 Photosynthesis
The formation of proto-Kranz anatomy is associated with a slight reduction in the CO 2 compensation point of carbon assimilation, indicating modest enhancement of RuBisCO efficiency. Although modest for gas exchange, the proto-Kranz trait could have great significance for C 2 and C 4 evolution because enhanced GDC activity in the BS could allow the leaf to survive a loss of GDC expression in the M. In this sense, proto-Kranz anatomy would have facilitated the key step in the evolution of C 2 photosynthesis, which is the loss of GDC expression in the M tissue and the consequent establishment of a two-tissue photorespiratory CO 2 loop that concentrates CO 2 into the BS (Figure 5) (108) . The ubiquity of GDC localization to the BS during C 4 evolution is indicated by phylogenetic branching of C 2 species between C 3 and C 4 nodes in seven distinct lineages of C 4 photosynthesis ( Table 1) . In all cases where intermediate forms have been identified at branch points between C 3 and C 4 lines, C 2 photosynthesis is present, as indicated by mitochondrial localization to the inner BS, immunolocalization of GDC to BS mitochondria, and gas exchange data such as low .
After GDC expression was localized to the BS tissue, the selection pressure would undergo a marked transition: Instead of photorespiration being inhibitory, it would become a resource of CO 2 for the BS chloroplasts. Natural selection might then have favored the optimization of leaf anatomy and physiology to maximize the capture of this internal CO 2 resource. Comparisons within Flaveria, Heliotropium, and Steinchisma indicate that the evolutionary progression from proto-Kranz to fully developed C 2 species involved a further reduction in M cell volume and an increase in BS organelle number (Figure 7) (2, 13, 15, 81, 99) . Mitochondria, in particular, become larger and more numerous along the inner BS wall, and the chloroplast layer beside the mitochondrial layer is more pronounced (99). The BS cells of C 2 species also form an enlarged, tightly packed sheath that is in close contact with surrounding M cells (13, 78, 81, 99, 124, 146) . This restructuring of leaf anatomy creates a version of Kranz anatomy that appears to be optimized for photorespiratory CO 2 concentration because the large BS vacuole slows CO 2 diffusion, and the abundant centripetal chloroplasts would effectively assimilate CO 2 arising from adjacent mitochondria (142) . Glycine and serine levels are elevated in leaves employing C 2 photosynthesis, indicating that their movement occurs via diffusion down concentration gradients (90, 109).
Together, the changes in vein density, M cell volume, and the size, number, and position of BS organelles establish the structural modifications required for a functional C 4 cycle. By doing so, they facilitate the next phase of C 4 evolution, the upregulation of the C 4 metabolic cycle.
Phase IV: Establishment of the C 4 Metabolic Cycle C 2 species can be divided into two groups (33). The first group represents C 2 plants in which the reduction in occurs solely through the refixation of photorespired CO 2 in the BS tissue; these have previously been termed type I C 3 -C 4 intermediates (33). A second group consists of the type II C 3 -C 4 intermediate species, which express limited C 4 -cycle activity as indicated by elevated PEPC, pyruvate phosphate dikinase (PPDK), and NADP-ME activities that are roughly 2-5-fold greater than C 3 species and type I intermediates (33, 71, 72, 99) . By contrast, C 4 species have PEPC and NADP-ME/NAD-ME activities that are 10-50-fold higher than those of C 3 species (72, 98, 99) . Most known type II species occur in Flaveria and branch at phylogenetic nodes more distal from the C 3 species than type I intermediates, indicating that engagement of the C 4 cycle follows the establishment of C 2 photosynthesis (33, 82). Type II intermediates have values that are half those of type I intermediates, and up to 55% of their initial CO 2 fixation products are four-carbon acids (72, 89, 90) . Type II Flaveria species generally lack appreciable activities of PPDK and NADP-ME and thus do not operate a substantial C 4 cycle (71, 72) . The main source of PEP in these species is suggested to be the reductive pentose phosphate pathway and glycolysis, which does not have the potential capacity that PPDK would provide (34, 88). They also express RuBisCO at high levels throughout the M (92, 95) and have C 3 -like carbon isotope ratios, demonstrating that the C 4 cycle contributes little to overall carbon gain (33, 92, 139) .
In the Flaveria phylogeny, three C 4 -like species (F. brownii, F. palmeri, and F. vaginata) branch distal to the type II intermediates (82). F. palmeri branches between F. ramossissima (type II intermediate) and the C 4 F. campestris, indicating that it represents an intermediate stage between C 2 and C 4 photosynthesis. F. vaginata branches distal to F. ramossissima and sister to the C 4 F. kochiana. F. brownii occurs on a separate branch that includes C 2 species but not C 4 species; it branches in a more distal position from the basal C 3 species than type I C 2 species and is sister to numerous type II species in an unresolved polytomy (82).
As shown by F. brownii and F. palmeri, C 4like species conduct C 4 photosynthesis but with some limitations caused by residual expression of M RuBisCO and the use of C 3 forms of key C 4 enzymes (20, 33, 51, 72, 93) . This low level of M RuBisCO activity results in a sensitivity of photosynthesis to O 2 reduction (28, 72, 91). Both species operate a fully functional C 4 metabolic cycle with high PEPC, PPDK, and NADP-ME activity (72, 93) and show initial fixation ratios of radiolabeled CO 2 into C 4 acids of over 60%, in contrast to the 50% or less observed in type II species (72, 89, 93) . This increase in the initial fixation ratio from <50% to over 60% is proposed to reflect the establishment of an efficient, well-integrated C 4 cycle from the inefficient, poorly coordinated system of the type II intermediates (90, 92). Also, the transition from type II to C 4 -like species corresponds to the large reduction in leaf RuBisCO content, acquisition of carbon isotope ratios that approach C 4 values, and an increase in water and nitrogen use efficiencies of photosynthesis from C 3 to C 4 levels at current CO 2 levels (33, 69, 88, 92, 140) . The increase in water use efficiency during the transition from C 2 to C 4 -like species results from a change in stomatal control from C 3 to C 4 values (60, 140) . C 2 species can have higher water use efficiency than C 3 species at low CO 2 , but this is due only to increased photosynthesis and not to altered stomatal control, as occurs in C 4 -like and C 4 species (33, 88, 140, 141) .
In terms of structural changes, Flaveria linearis and F. palmeri have well-developed Kranz anatomy whereas F. brownii has a more intermediate form, with M cells spaced more than one cell distance from the closest BS cell and BS tissue with a less radial appearance than occurs in C 4 Flaveria species (15, 81) . In the case of F. brownii, PEPC activity approaches that of C 4 species; however, it expresses a C 3 -C 4 type of PEPC and a C 3 type of CA (38, 72, 77 ). The C 3like CA is associated with reduced carboxylation efficiency in F. brownii compared with the C 4 Flaveria species (28). The regulation of PEPC expression in F. brownii is also intermediate between the C 3 and C 4 pattern. PEPC expression in Flaveria is controlled by a distal, 41-base-pair region of the ppcA promoter named MEM1 (1, 49) . Two submodules, A and B, are present in MEM1. In C 4 Flaveria species and the C 4 -like F. palmeri, both the A and B parts are modified to create the enhanced expression and M specificity of the C 4 ppcA (1). Flaveria brownii has a C 3 -like submodule A and a C 4 -like submodule B, leading to enhanced expression but weak M specificity (1, 51) .
On the basis of the Flaveria results, it can be concluded that the acquisition of the full C 4 cycle occurs during the transition from the type II intermediates to the C 4 -like species, largely through changes to the promoter elements that enhance expression and compartmentalization of key enzymes such as RuBisCO, PEPC, and CA (1, 38, 51, 77) . This can overcome the ineffective coordination apparent in type II intermediates, but does not produce the highly efficient C 4 plants that dominate ecosystems and feed the world. To overcome the deficiencies of the C 4 -like condition, a final, fine-tuning phase of C 4 evolution is required to optimize the enzymes, anatomy, and regulatory systems for the C 4 context.
Phase V: Optimization
Highly efficient functioning of C 4 photosynthesis requires close coordination of the C 3 and C 4 cycles, altered regulation and kinetics of C 4 -cycle enzymes to operate in novel cellular environments, close association of M and BS tissues to minimize diffusion distances, and www.annualreviews.org • C 4 Plant Evolution effective integration of the C 4 pathway into the physiology of the entire plant (57, 117) . As demonstrated by comparisons between C 4 -like and C 4 Flaveria species, many of the evolutionary changes that optimize regulatory and kinetic properties of C 4 enzymes occur late in the evolution of the C 4 pathway. Evolution of C 4 PEPC clearly illustrates this point. In C 4 plants, the C 4 -type PEPC has reduced sensitivity to malate and a lower K m for PEP compared with C 3 isoforms (1, 21, 51) . High malate concentrations are present in C 4 leaves and are necessary for its rapid diffusion into the BS; however, malate is an inhibitor of PEPC, so to compensate, the malate sensitivity of PEPC has to be reduced. This is accomplished by changes in PEPC regions 2 and 5 in C 4 Flaveria species (51, 62). In region 2, 16 amino acid residues differ between the C 3 and C 4 forms of PEPC; of these, only 1 is shared by the C 4 PEPCs of F. brownii and the C 4 F. trinervia. Much of the change in K m (PEP) occurs via a substitution at position 774 of PEPC (9, 38, 51) : In all C 2 Flaveria species and F. brownii, this position is an alanine, whereas in all C 4 plants it is a serine. In Mollugo, after the C 4 pathway evolved, the distinct branches of the C 4 species M. cerviana independently evolved the C 4 -type PEPC (as indicated by the separate acquisition of the serine at position 774) as well as four other amino acids at sites known to confer C 4 properties to PEPC (25). C 3 -C 4 Alternanthera species also lack the C 4 -type PEPC found in C 4 Alternanthera species (50). These cases provide multiple independent examples that the C 4 isoform of PEPC appears late in C 4 evolution, after the establishment of the C 4 metabolic cycle.
The acquisition of the C 4 form of RuBisCO also occurs after the C 4 cycle has been assembled. During C 4 evolution in Flaveria, RuBisCO evolved from a C 3 type with relatively low k cat and K c values to a C 4 type with high k cat and K c values (73) . These changes are primarily associated with two amino acid substitutions on the large subunit at positions 309 and 149 that are present in all of the C 4 Flaveria species examined (66) . The substitutions at positions 309 and 149 are absent in the C 3 species, and only one is present in the C 4 -like F. palmeri (66) . Flaveria brownii expresses a RuBisCO with C 3 -like k cat and K c values, indicating that it lacks both of the amino acid substitutions of the C 4 isoform (73) . Additional work is needed to confirm this possibility.
SYNTHESIS AND CONCLUSION
In the past half decade, there has been a convergence of molecular, physiological, structural, and paleoecological data that provides a detailed understanding of how, when, and where C 4 photosynthesis was able to evolve. Multiple lines of complementary evidence now point to high rates of photorespiration as the principal driver of C 4 evolution. Geological and molecular clock studies indicate that C 4 lineages evolved after Earth's atmospheric CO 2 concentration declined to levels causing high rates of photorespiration in warm climates. The species that branch on the phylogeny closest to the C 4 lineages are consistently found in environments that are hot, of low humidity, and somewhat barren owing to disturbance or abiotic stress. These environments indicate that drought or elevated salinity were common, but in all cases, episodic summer rains would have allowed for photosynthetic activity and high rates of photorespiration during the hot summer months. High photorespiration would inhibit the C 3 competition, but more importantly, it would provide a valuable resource-internally released CO 2 -that could be concentrated to boost the efficiency of RuBisCO. Evolutionary exploitation of photorespired CO 2 best explains the stepwise assembly of C 4 photosynthesis, with each step facilitating subsequent steps. Hot, dry environments promoted high vein density, which in turn facilitated greater photosynthetic activity in the BS tissue, possibly to offset the loss of M tissue. Photosynthetically active BS cells then evolved proto-Kranz anatomy by repositioning mitochondria to the inner region of enlarged BS cells. This would have enabled the survival of a mutation that knocked out GDC expression in the M tissue, thus creating the two-celled photorespiratory cycle that concentrates CO 2 into the BS. Natural selection then established C 2 photosynthesis to efficiently trap and refix this CO 2 , and in the process, created the basic version of the Kranz anatomy that is essential to most forms of C 4 photosynthesis. Once the Kranz features were in place, the activity of PEPC and other C 4 -cycle enzymes were upregulated, eventually creating a fully functional C 4 cycle. Following the reduction of RuBisCO and the C 3 cycle in the M tissue, C 4 photosynthesis was born, although in an inefficient state. With further adjustments to optimize the C 4 cycle, productive, highly competitive C 4 plants evolved and radiated over the countryside.
The large number of C 4 lineages provides hope that C 4 photosynthesis would be easy to engineer into C 3 crops, and that the C 4 evolutionary trajectories observed in nature may provide directions for improving crop productivity. Strategies to engineer the C 4 pathway into C 3 crops need not mimic the pathway of C 4 evolution, however, as the intervening stage of C 2 photosynthesis represents a distinct CO 2 -concentrating mechanism with its own optimal state. Although photorespiration might be the bridge to C 4 photosynthesis, it is also a constraint, in that more direct routes could have been precluded by the need to first establish a C 2 -type CO 2 -concentrating system. Humans do not have this constraint. Instead of following the path of C 4 evolution, humans can mine the genetic resources within the many lineages of C 4 plants to identify the critical genetic elements needed for C 4 photosynthesis. With the advent of high-throughput technologies, genome comparisons between the close C 2 , C 3 , and C 4 species should be able to quickly identify the key factors controlling C 4 expression. With these tools, humans should thus be able to introduce the C 4 syndrome into a C 3 crop in a relative instant in evolutionary time.
SUMMARY POINTS
1. At least 66 distinct evolutionary lineages of C 4 photosynthesis have been identified; all are angiosperms. These lineages tend to be clustered in the angiosperm phylogeny, with most arising in groups from hot environments with a high potential for evapotranspiration.
2. C 4 photosynthesis evolved as a response to high rates of photorespiration that were promoted by a decline in atmospheric CO 2 over the past 40 million years. High temperature, and in many cases drought or salinity, interacted with low CO 2 to promote high rates of photorespiration.
3. The evolutionary progression from C 3 to C 4 photosynthesis involves a series of characteristic stages. Two important stages are the formation of proto-Kranz anatomy in close C 3 relatives of C 4 species and the formation of a C 2 photosynthetic mechanism in C 3 -C 4 intermediate species.
4. The initiation of C 4 evolution is hypothesized to be facilitated by high vein density in leaves adapted to high evapotranspiration. High vein density may promote the formation of enlarged BS cells, which in turn may lead to enhanced organelle numbers in the BS and localization of mitochondria to the inner edge of the BS cells. These traits collectively make up the proto-Kranz syndrome, which may function to scavenge photorespired CO 2 produced in the bundle sheath.
www.annualreviews.org • C 4 Plant Evolution 5. The formation of C 2 photosynthesis follows a loss of GDC expression in the M tissue such that BS GDC must metabolize all the photorespiratory products in the leaf. Elaboration of this mechanism to efficiently recapture photorespired CO 2 leads to Kranz anatomy. The formation of Kranz anatomy facilitates the upregulation of a C 4 metabolic cycle.
FUTURE ISSUES
1. Increasing phylogenetic detail should improve the ability to identify C 3 -C 4 intermediate species and their close C 3 relatives in many additional lineages of C 4 evolution. This will assist comparative approaches designed to test hypotheses of C 4 evolution.
2. The adaptive function of high vein density in C 3 relatives of C 4 lineages remains to be identified.
3. The function of centripetal positioning of mitochondria in proto-Kranz species remains to be identified. 14 
